Introduction
============

Over the past decade, considerable scientific debate and controversy have arisen concerning the metabolism, endocrine response, and potential health effects of sucrose, high-fructose corn syrup (HFCS), and fructose ([@bib1]--[@bib17]).

Although an enormous body of scientific literature has been available on all 3 of these sugars for many years ([@bib18]--[@bib23]), in retrospect, the recent controversy seems to have started with the publication of a commentary in the *American Journal of Clinical Nutrition* (AJCN) in 2004 ([@bib3]), suggesting that HFCS in beverages might play a unique role in the epidemic of obesity currently being experienced in the United States and many other countries. Although the authors of this commentary clearly stated that they were only describing a temporal association and not a cause-and-effect relationship, a heated debate concerning the metabolism and potential health effects of sucrose, HFCS, and fructose subsequently ensued. This debate has involved not only the scientific community but also major media outlets, the public at large, and policymakers. Controversies concerning these 3 sugars have been fueled by conditions that, in our view, created a "perfect storm" for confusion and mistaken identity. Even though the original authors of the AJCN commentary were clear that they were simply offering a hypothesis, other investigators, food manufacturers, and the public at large have contributed to this controversy, often without distinguishing between an association and cause and effect, while frequently confusing the sugars used in research studies, or exaggerating the implications of animal work.

In addition, several other factors appear to have contributed to the ongoing controversy about these 3 sugars. The historic choice of the name "high-fructose" corn syrup certainly contributed to the confusion, even though HFCS contains virtually the same amount of fructose as sucrose. Furthermore, over the past decade, a number of researchers reported results based on experiments comparing metabolic and health effects of pure fructose with those of pure glucose, which brought other issues into the debate ([@bib13], [@bib17]).

Not surprisingly, the public and media have found it difficult to distinguish between studies conducted with pure fructose versus pure glucose, neither of which is commonly consumed in the human diet and the more commonly consumed HFCS and sucrose, which contain both fructose and glucose. Finally, because the United States and many other countries are in the midst of an obesity epidemic, further impetus was added to these discussions because the premise of limiting consumption of added sugars seemed to many an attractive option for potentially affecting the increasing prevalence of obesity.

With all of this as background, the purpose of the current review is to discuss the metabolism and the endocrine responses to consumption of sucrose, HFCS, and fructose. We also attempt to elucidate the strengths and weaknesses of the evidence supporting the putative link between the consumption of these sugars and potential adverse health consequences. We then discuss results of recent randomized, controlled trials using various levels of fructose, HFCS, and sucrose. We address these issues by asking and attempting to answer a series of questions related to the metabolism, endocrine responses, and health effects of these 3 sugars.

Current status of knowledge
===========================

Is there a unique link between HFCS and obesity?
------------------------------------------------

In their commentary in AJCN in 2004, Bray et al. ([@bib3]) argued that increased use of HFCS in the United States mirrored the rapid increase in obesity. Data to support this hypothesized connection were presented in graphic form, as illustrated in [**Figure 1**](#fig1){ref-type="fig"}. These authors argued that the digestion, absorption, and metabolism of fructose compared with glucose differed in ways that promoted the likelihood of increased energy consumption, resulting in an increased likelihood of obesity and diabetes, metabolic syndrome, and cardiovascular disease ([@bib3], [@bib24]--[@bib29]).

![Temporal association between increased consumption of high-fructose corn syrup (HFCS) and prevalence of obesity. Adapted from ([@bib3]) with permission.](236fig1){#fig1}

In retrospect, the argument that HFCS is uniquely linked to obesity failed to take into consideration a number of important issues. Although consumption of HFCS in the United States dramatically increased from the early 1970s when it first came into use until about 1999, over the past decade the consumption of HFCS has decreased ([@bib30]), whereas obesity has increased or remained at the same levels in most population groups ([@bib31]). Moreover, as HFCS consumption increased in the United States, there was a commensurate, dramatic decrease in the amount of sucrose consumed ([@bib30]).

Although total caloric sweetener consumption in the United States has increased since 1970, sucrose remains the leading added sugar consumed in the American diet and the leading source of fructose ([@bib32]). According to the USDA's Economic Research Service, between 1970 and 2005, sugars and sweeteners available for consumption increased 76 kcal/d per person from 400 kcal to 476 kcal ([@bib33]). Furthermore, worldwide consumption of sucrose is 9 times as much as HFCS, and there are epidemics of obesity and diabetes in areas where little or no HFCS is available (e.g., Mexico, Australia, and Europe).

Research studies since the 2004 AJCN article have also refuted the idea that HFCS is metabolically different from sucrose ([@bib15], [@bib34]--[@bib36]). Studies published from our research group demonstrated that acute responses to HFCS and sucrose are virtually identical with regard to glucose, insulin, leptin, ghrelin, and appetite in both normal weight ([@bib34]) and obese ([@bib37]) women. Studies by Stanhope et al. ([@bib36]) showed findings similar to those that we reported in both men and women and also demonstrated no difference in postprandial triglycerides after consumption of either HFCS or sucrose at 25% of energy ([@bib36]). Studies by Soenen and Westerterp-Plantenga ([@bib35]) showed no differences in satiety or energy intake after HFCS, sucrose, or milk preloads.

These studies and other scientific literature persuaded the American Medical Association ([@bib8]) and the Academy of Nutrition and Dietetics ([@bib9]) to issue statements indicating that there were no differences between HFCS and sucrose in their likelihood of causing obesity. In addition, the ASN recently released a consensus statement on energy balance noting its complexity and arguing specifically against isolation of 1 component of the diet as uniquely responsible for weight gain and obesity ([@bib38]).

Perhaps the prevailing scientific consensus relating to the metabolic equivalence of HFCS and sucrose was best summarized by G. Harvey Anderson ([@bib39]) when he wrote:"The hypothesis that the replacement of sucrose by HFCS in beverages plays a positive role in obesity is not supported on the basis of its composition, biologic actions, or short-term effects on food intake. Had the hypothesis been phrased in the converse, namely that replacing HFCS with sucrose in beverages would be seen as a solution to the obesity epidemic, its merit would have been seen more clearly. Put simply, a proposal that a return to sucrose containing beverages would be a credible solution to the obesity epidemic would have been met with outright dismissal."Although this debate has largely been resolved within the scientific community, multiple articles in the lay press and Internet postings still maintain that HFCS is somehow uniquely linked to obesity. Furthermore, a number of food and beverage manufacturers have touted removal of HFCS from their products as though it somehow makes these products "healthier." These examples serve as a reminder that scientific debate on issues that the public cares about does not take place in a vacuum and that misperceptions may linger long after the scientific debate has largely been resolved.

Is research comparing fructose with glucose relevant to human nutrition?
------------------------------------------------------------------------

Several studies have compared the metabolism, endocrine response, and health effects of pure fructose with those of pure glucose. Often these studies have compared amounts of either fructose or glucose delivered as 25% of energy as components of mixed nutrient diets ([@bib13], [@bib17], [@bib40]). The theoretical justification for such research trials rests on the well-established difference in hepatic metabolism of fructose and glucose in the liver. The routes of hepatic metabolism of fructose and glucose are depicted in [Figure 2](#fig2){ref-type="fig"} ([@bib41]).

Fructose metabolism differs from that of glucose in 2 major ways ([@bib41], [@bib42]). First, there is nearly complete hepatic extraction of fructose. Second, as illustrated in **[Figure 2](#fig2){ref-type="fig"}**, there are different enzymatic reactions in the initial steps of the metabolism of fructose and glucose.

![Metabolism of fructose and glucose in the liver. Reproduced from ([@bib41]) with permission.](236fig2){#fig2}

These differences in hepatic metabolism could theoretically lead to a variety of different short- and long-term effects of fructose compared with glucose. Teff et al. ([@bib17]) reported that when either fructose or glucose were consumed as 25% of energy, glucose caused higher spikes in blood glucose and insulin as well as greater increases in leptin and more suppression of ghrelin levels than did fructose. However, when these conditions were repeated in our research laboratory comparing 30% of energy from HFCS versus sucrose, all of these differences disappeared ([**Fig. 3**](#fig3){ref-type="fig"}) ([@bib15]). Our findings were subsequently confirmed by Stanhope et al. ([@bib36]) and extended to men ([**Fig. 4**](#fig4){ref-type="fig"}).

![Comparison of high-fructose corn syrup (HFCS) and sucrose effects on glucose (*A*) and short-term energy-regulating hormones (*B, C, D*) in normal weight females. Reproduced from ([@bib34]) with permission.](236fig3){#fig3}

![Comparison of high-fructose corn syrup (HFCS) and sucrose effects on glucose (*A*), triglycerides (*E*), free fatty acids (*F*) and short-term energy-regulating hormones (*B, C, D*) in men and women. Reproduced from ([@bib36]) with permission.](236fig4){#fig4}

Stanhope et al. ([@bib36]) reported that consuming fructose-sweetened, but not glucose-sweetened beverages at the same levels of energy consumption (25% of energy), increased visceral adiposity and lipids, and decreased insulin sensitivity in overweight or obese individuals. Initial research in our laboratory did not support these findings ([@bib43]). Subsequent research in our laboratory involving 352 overweight or obese individuals who consumed either HFCS or sucrose at levels up to the 90th percentile population consumption level for fructose (30% of energy from either HFCS or sucrose) did not show any changes in either systolic or diastolic blood pressure or glucose. HDL cholesterol decreased by \<1 mg/dL and triglycerides increased 10% (104.1 ± 51.8 mg/dL to 114.1 ± 67.4 mg/dL) (*P* \< 0.05) (unpublished observations).

Recent research reviews by Dolan et al. ([@bib44], [@bib45]) reported that no adverse effect on triglycerides or weight was observed in multiple trials using fructose at up to the 95th percentile population consumption level. Meta-analyses by Ha et al. ([@bib46]) also documented that no increases in blood pressure or propensity toward obesity occurred at up to the 90th percentile population consumption levels of fructose ([@bib47]). It should be emphasized that these meta-analyses included only studies exploring consumption of fructose in isolation. Stanhope et al. ([@bib36]) also did not find increases in blood pressure when obese individuals consumed as much as 25% of energy as either fructose or glucose.

It should be noted that fructose and glucose are rarely consumed in isolation in the human diet. Thus, studies comparing pure fructose with pure glucose, particularly at high levels, should be treated with caution, particularly because studies comparing the more commonly consumed sucrose and HFCS have yielded different results.

Does fructose, HFCS, or sucrose consumption increase the risk of heart disease?
-------------------------------------------------------------------------------

With the recognition that fructose versus glucose experiments do not reflect typical human nutrition, increased scrutiny has been focused on the fructose moiety of both HFCS and sucrose. Sucrose is composed of 50% glucose and 50% fructose, whereas the forms of HFCS used in most foods and beverages are typically composed of 55% fructose and 45% glucose (this is the common form used in beverages) or 42% fructose and 58% glucose (the form commonly used in baked goods and other food applications) ([@bib48]).

Because soft drinks are a major source of added sugar consumption in the American diet, a number of studies have explored soft-drink consumption and its potential association with a variety of metabolic and health issues. Cross-sectional studies in humans have linked soft-drink consumption with less optimum nutrition, greater body weight, and higher energy intake ([@bib49], [@bib50]). It has also been suggested that excessive fructose consumption from added sugars may play a role in epidemics of heart disease, insulin resistance, type 2 diabetes, hypertension, dyslipidemia, and obesity ([@bib51]--[@bib55]). In addition, some studies have suggested that fructose ingestion may lead to increased indices of inflammation and oxidative stress ([@bib56]--[@bib59]), whereas other studies have not confirmed these findings ([@bib60]).

With this body of information as background, the AHA has issued a scientific statement recommending that American women consume no more than 100 kcal/d and American men consume no more than 150 kcal/d from added sugars ([@bib61]). The AHA acknowledged that these recommendations are much lower than other guidelines for added sugars such as those from the Dietary Guidelines for Americans ([@bib62]) and the Institute of Medicine--recommended daily allowances ([@bib63]). Moreover, the AHA recognized that these recommendations were largely based on epidemiologic studies or animal data and acknowledged the need for randomized clinical trials in this area.

The AHA recommendations for upper limits of added sugar consumption, which are currently exceeded by \>90% of the population, should be taken with caution. Recent research reviews have reported that fructose consumption at up to the 90th percentile population consumption level in either healthy weight or obese individuals does not result in increased triglycerides or weight gain ([@bib44], [@bib45]). Moreover, studies in our research laboratory at levels of 2 to 3 times those recommended by the AHA did not show any adverse impact on lipids ([@bib64]). A recently completed trial in our research laboratory involving 352 overweight or obese individuals who consumed up to the 90th percentile population consumption levels for fructose as part of mixed-nutrient, eucaloric diets did not show any adverse effect on total cholesterol (*P* = 0.88) or LDL cholesterol (*P* = 0.85). A significant 14% increase in triglycerides was noted, although it must be emphasized that triglyceride levels remained within the normal range both before and after measurement ([@bib65]).

Other investigators have reported results in which sugar consumption increased lipids in human subjects. In particular, Stanhope et al. ([@bib66]), using a model in which 25% of energy consumption from fructose was compared with 25% energy consumption from glucose in acute experiments showed increases in triglycerides. Once again, however, it should be noted that pure fructose and pure glucose are rarely consumed in the human diet and that the reported levels were within established population norms. Other investigators including Raben et al. ([@bib67]), Marckmann ([@bib68]), Maersk et al. ([@bib69]), and Stanhope et al. ([@bib70]) also reported a variety of increased lipid measurements in individuals after sugar consumption.

We also reported that levels of added sugar consumption higher than those recommended by the AHA do not adversely affect weight ([@bib71]) or blood pressure ([@bib72]). Stanhope et al. ([@bib13]) did not report an adverse effect on blood pressure from consumption of 25% of energy from added sugars. The meta-analysis by Ha et al. ([@bib46]) came to similar conclusions. Additional randomized, controlled trials are needed to sort out the impact of added sugars on lipids, blood pressure, obesity, and other established risk factors for heart disease.

Does consumption of sucrose, HFCS, or fructose increase risk factors for metabolic syndrome?
--------------------------------------------------------------------------------------------

It has been postulated that consumption of fructose may increase risk factors for metabolic syndrome. Johnson et al. ([@bib73]) suggested that fructose consumption can cause an increase in uric acid as a waste product in its metabolism due to degradation of ATP ([@bib73]--[@bib75]). This increase in uric acid, in turn, according to this theory, may lead to endothelial dysfunction, which may contribute to high blood pressure ([@bib73], [@bib76], [@bib77]). Other investigators have suggested that increased inflammatory markers secondary to fructose consumption may also contribute to increased risk of metabolic syndrome ([@bib78]). Furthermore, the increase in triglycerides, often found with increased carbohydrate consumption, may increase the risk of metabolic syndrome ([@bib17], [@bib79]). Finally, Stanhope et al. ([@bib13]) found that individuals who consumed 25% of their energy in fructose had increased visceral adiposity, another risk factor for the development of metabolic syndrome, compared with obese diabetic individuals who consumed 25% of their energy as glucose.

The literature linking fructose consumption to the risk of metabolic syndrome must be treated with caution. As already indicated, several research reviews do not support the concept that fructose consumption at normal population levels increased levels of obesity or triglycerides ([@bib44], [@bib45]). Furthermore, Sun et al. ([@bib80]) analyzed NHANES data and did not find increased levels of uric acid related to fructose consumption. A further meta-analysis of NHANES data by this same team did not show a link between different levels of fructose consumption and either uric acid levels or metabolic syndrome ([@bib81]). Research in our laboratory showed that consumption of HFCS or sucrose at up to the 50th percentile population consumption level for fructose did not show increases in either systolic or diastolic blood pressure, uric acid, waist circumference, or triglycerides ([@bib72]). A subsequent research trial in our laboratory involving 352 overweight or obese subjects who consumed up to the 90th percentile population consumption level of fructose confirmed these findings for systolic and diastolic blood pressure and waist circumference, although triglycerides increased by ∼10% (*P* \< 0.05). Thus, no consensus has yet been achieved on whether fructose, HFCS, or sucrose increases risk factors for metabolic syndrome.

Does fructose, HFCS, or sucrose increase the risk of fatty infiltration in the liver or muscle?
-----------------------------------------------------------------------------------------------

As already indicated, the theoretical argument concerning the potential adverse metabolic effects of fructose consumption is based on the well-established differences in hepatic metabolism between fructose and glucose ([@bib41], [@bib42]). As illustrated in [Figure 1](#fig1){ref-type="fig"}, there are significant differences between fructose and glucose metabolism in the liver. It is important, however, to point out that the metabolic pathways for fructose and glucose in the liver are interactive.

As illustrated in [**Figure 5**](#fig5){ref-type="fig"}, the vast majority of the fructose that is metabolized in the liver is converted into glucose, glycogen, lactate, and carbon dioxide. As depicted in [Figure 5](#fig5){ref-type="fig"}, ∼50% of fructose is converted in the liver to glucose ([@bib82]--[@bib84]), 25% to lactate ([@bib85], [@bib86]), and 15% to 18% to glycogen ([@bib87], [@bib88]), and a few percent is metabolized to carbon dioxide. Only a very small percentage (on the order of 1%--5% depending on the specific conditions used and underlying nutritional and metabolic status of individuals studied) is converted to free fatty acids ([@bib89]--[@bib91]).

![The metabolic fate of an oral fructose load in healthy subjects. TG, triglyceride. Reproduced from ([@bib41]) permission.](236fig5){#fig5}

It has been argued by some investigators that the fact that fructose and glucose are invariably consumed together could drive creation of increased free fatty acids through the process of de novo lipogenesis (DNL) ([@bib92], [@bib93]). This argument is based on the concept that, in this setting, glucose dominates the glycogenetic pathway, leaving fructose no alternative but to be converted into FFA. However, most research in this area does not support DNL as a significant quantitative producer of FFA ([@bib94], [@bib95]). As depicted in [**Figure 6**](#fig6){ref-type="fig"}, the metabolic pathways related to DNL also inhibit the oxidation of FFA. It has been estimated by Hellerstein ([@bib94]) that only 1% to 3% of VLDL generated in individuals consuming a normal Western diet is a result of DNL.

![Metabolic pathways related to de novo lipogenesis. A liver cell is shown, with VLDL secretory pathway and fructose uptake; otherwise, the pathways also apply in adipocytes. Circled minus sign, inhibitory action. ACC, acetyl-CoA carboxylase; CF\'T-1, carnitine palmitoyl transferase 1; CL, ATP:citrate lyase; FAS, fatty acid synthetase; OAA, oxaloacetate; P, phosphate; PDH, pyruvate dehydrogenase; TCAC, tricarboxylic acid cycle. Reproduced from ([@bib95]) with permission.](236fig6){#fig6}

Even in settings of extreme carbohydrate overload, only a small percentage of carbohydrates is converted into fats in the process of DNL. In 1 experiment in which individuals were fed \>1500 extra kcal/d in excess carbohydrates (total consumption of 700 g of carbohydrate/d), only 3.3 g of fat were generated ([@bib96]). Studies by Lê et al. ([@bib97]) showed that healthy individuals who were fed 1 g/kg of fructose did not experience increased liver fat. Silbernagel et al. ([@bib98]) found similar results in individuals who consumed 30% of energy from fructose over a 4-wk timeframe.

Research in our laboratory has not shown any increase in liver fat or ectopic deposition of muscle fat at levels at up to 30% of energy from either HFCS or sucrose over a 10-wk period of consumption (S. Bravo, J. Lowndes, S. Sinnett, Z. Fullerton, J. Rippe, unpublished observations).

Other researchers, however, have suggested that consumption of large amounts of fructose can increase DNL. Lê et al. ([@bib99]) reported that infusion of 3.5 g of fructose/kg of fat free mass increased ectopic deposition of fats in the liver and muscle in offspring of diabetic patients. Stanhope et al. ([@bib13]) reported increased DNL in individuals consuming 25% of energy from fructose compared with individuals consuming 25% of energy from glucose. It must be emphasized that the levels of fructose consumption in these 2 experiments are 2 to 3 times the 95th population consumption of fructose from all sources. Maersk et al. ([@bib69]) reported ectopic deposition of fat in the liver and muscle when comparing individuals who consumed 1 L of sugar-sweetened cola versus 1 L of diet beverages, 1 L of milk, or 1 L of water each day. This finding, however, as the authors noted, is confounded by the fact that the sugar-sweetened cola--consuming group also increased absolute body weight and total fat mass.

The disparities in findings from these studies may be attributed to differences in research design or failure to make a distinction between qualitative increases in DNL and quantitative increases. Although numerous studies have shown that increased consumption of fructose may result in *qualitative* increases in DNL, considerable *quantitative* increases appear unlikely. Although DNL does not appear to generate significant quantities of fat, it may contribute to other metabolic abnormalities through changes in signaling mechanisms, hormonal regulation, or promoting dyslipidemia. Further, randomized, controlled trials are needed to sort out this issue moving forward.

Conclusions
===========

So, what do we really know about the metabolism, endocrine responses, and health effects of sucrose, HFCS, and fructose? At present, we believe that the following conclusions are warranted. First, there is no unique relationship between HFCS and obesity. Second, there is broad scientific consensus that there are no significant metabolic or endocrine response differences or differences in health-related effects between HFCS and sucrose. Third, the metabolism and health effects of both HFCS and sucrose are different from those observed in studies that compare pure fructose with pure glucose, neither of which is consumed to any appreciable degree in the human diet. Fourth, recent randomized clinical trials have suggested that there are no adverse effects on total cholesterol, LDL cholesterol or HDL cholesterol at amounts ranging up to the 90th percentile level of fructose consumption, although other investigators have shown increases in cholesterol and/or LDL cholesterol in subjects consuming either sucrose or HFCS ([@bib66], [@bib68]--[@bib70]), so further research studies are needed to clarify this issue. There is, however, a reliable increase in triglycerides from consumption of elevated levels of carbohydrates (particularly simple sugars), which merits further exploration.

Cox et al. ([@bib100]) reported that fructose consumption at 25% of calories compared with glucose at 25% of calories acutely increased uric acid profiles. However, research in our laboratory comparing HFCS with sucrose yielded identical responses and no increases in acute levels of uric acid in either normal weight or obese women ([@bib101], [@bib102]). Moreover, a recently completed trial in our research laboratory in which individuals consumed up to 30% of calories (90th percentile population consumption level for fructose) over a 10-wk period did not show any increase in uric acid. Thus, the issue of whether increased fructose consumption results in increases in uric acid or blood pressure remains in dispute. It should be pointed out that Maersk et al. ([@bib69]) reported increased visceral adipose tissue in response to 6 wk of consumption of 1 L/d of sucrose-sweetened cola. Increased visceral adipose tissue is an established risk factor for metabolic syndrome. However, research in our laboratory did not confirm these findings. Whether fructose consumption results in increased risk factors for metabolic syndrome also remains in dispute. Studies exploring whether fatty infiltration of the liver or muscle occurs in response to fructose consumption have produced disparate findings. Differences in duration of these studies (research studies varying in length from 4 to 10 wk) have not shown any increases in liver or muscle fatty infiltration in response to fructose consumption, whereas the Maersk et al. 6-mo study did show this phenomenon. This indicates that further research studies, perhaps of longer duration, are required to resolve this issue.

Taken together, these findings suggest that we must be very cautious when attributing adverse health consequences to the consumption of fructose, HFCS, or sucrose, particularly at normal population consumption levels. More randomized, controlled trials at normal levels of consumption using commonly consumed sugars are necessary to resolve these issues. In the meantime, it is important to recognize that scientific debates of this nature do not take place in a vacuum. These discussions have enormous potential to confuse and alarm the public, making the need to frame results with appropriate caution and minimize speculation imperative.
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